Background: A future, highly renewable electricity system will be largely based on fluctuating renewables. The integration of wind and solar photovoltaics presents a major challenge. Transmission can be used to lower the need for complementary generation, which we term backup in this article. Methods: Generation data based on historical weather data, combined with real load data, determine hourly mismatch timeseries for all European countries, connected by physical power flows. Two localized export schemes determining the power flows are discussed, which export only renewable excess power, but no backup power, and are compared to a synchronized export scheme, which exports renewable excess power and also backup power. Results: Compared to no or very limited power transmission, unconstrained power flows across a highly renewable pan-European electricity network significantly reduce the overall amount of required annual backup energy, but not necessarily the required backup capacities.
Background
Today's macro energy systems, mainly based on conventional fossil and nuclear resources, will in the future increasingly rely on renewable resources. At the moment, it is unclear what will be the best transitional pathway between the current and the future energy system. In this respect, it makes sense to think backwards, which means in a first step to get a good understanding of fully renewable energy systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and then in a second step bridge to today's energy system [20, 21] . Since wind and solar power generation are expected to be dominant, the fluctuating spatio-temporal weather patterns will determine the design of highly renewable energy systems.
Based on state-of-the-art high-resolution meteorological data [22] , spatio-temporal modeling, and the physics of complex networks [23, 24] , some fundamental properties of a highly renewable pan-European power system have already been derived. Amongst such characteristics are the optimal mix of wind and solar power generation [11, 12] , the synergies between storage and balancing [13] , the extension of the transmission network [14, 20] as well as the ramp down of conventional power generation [21] during the transitional phase. These results indicate that the pathways into future energy systems will be driven by an optimal systemic combination of technologies that reduce the system's reliance on backup power and energy.
The benefit of transmission in highly renewable energy networks has been discussed and explored in [14, 20] . A simplified model of the electricity system has been considered, consisting of intermittent wind and solar PV production and a perfectly flexible dispatchable backup system. In this context, the backup energy, which is the integral over the usage of backup units in order to balance temporal deficits of the renewable power generation, turns out to be a strongly convex function of the overall transmission line capacities. For a fully renewable panEuropean power system with zero interconnector capacities, the required backup energy decreases from 24 % of the annual electricity consumption down to 15 % with sufficiently large transmission capacities which permit unconstrained power exchange. Most of this reduction is already achieved with transmission capacities three to four times larger than today's interconnector strengths. Although backup energy quickly decreases with increasing transmission capacities, it has been observed that the backup capacities are not similarly reduced [14] .
The objective of this paper is to generalize the interplay between backup and transmission used in [14] , and to discuss its potential for a combined reduction of backup energy and capacity in a highly renewable energy network. Figure 1 presents a toy model to clarify this objective. The first node in the triangular network (a) generates more renewable power than what it consumes; it has two units of renewable excess power. The other two nodes do not generate enough renewable power compared to what they consume, and have a deficit of three and two units. In (b), which is the export scheme used in [14, 20] , the source node exports one excess unit to each of the two sink nodes, which then still have to balance two and one units. In (c), the source node also exports its two excess units, but now in such a way that after their imports, the two sink nodes have to balance the same amount of 1.5 units. In (d), the source node exports three units, which is more than Fig. 1 Four export schemes. The network with one source and two sinks can be balanced via different export schemes: a zero exports, b maximum export of renewable excess power with minimum overall power flow, c maximum export of renewable excess power with maximum reduction of local backup, d combined export of renewable excess and backup power with maximum reduction of local backup its own excess power. Two units go to the second node and one unit to the third node. All three nodes are then left to balance one unit.
Behind schemes (b-d) is Thomson's principle of minimal squared flow. After the maximum export of the source node's excess power has been chosen, the resulting power flows through the network are determined by squared flow minimization, in accordance with the physical power flow on the network. Since the role of the three nodes might swap due to the fluctuating weather patterns, (b) leads to an average network-wide backup energy of three units, a backup capacity of two units per node and a transmission capacity of one unit per link. In (c), after the maximum export of the source node's excess power, the resulting flow leads to an equal usage of backup capacity for the sink nodes. The scheme (c) also leads to a networkwide backup energy of three units, but when compared to (b), the backup capacity per node is only 1.5 units, whereas the transmission capacity per link has increased to 1.17 units. The shared backup principle of (d) requires all nodes to balance the same amount after the imports and exports have taken place. It also keeps the networkwide backup energy to three units. The backup capacity at each node is reduced to one unit, and the transmission capacities of the links are increased to 1.67 units.
The three export schemes illustrated in Fig. 1b -d will be formalized in the "Methods" section. The "Results and discussion" section will use a simplified pan-European transmission network (see Fig. 2 ) to quantify the differences between the three export schemes with respect to backup energy, backup capacity, and transmission capacities. A conclusion will be given in the last section.
Methods

Renewable power generation
We define a country n to have a fully renewable power system once the average power generation from renewable sources G RES n = L n matches the average load. The renewable power generation
is assumed to consist of wind G W n and solar photovoltaics G S n . While large hydroelectric already offers significant amounts of renewable energy to the system, most growth is expected to take place in wind and solar. Due to the relative control possible in hydroelectric generation, we consider it as a part of dispatchable backup. Other renewable sources are either neglected (like run-ofriver hydro) or considered as part of the backup system (like biomass). The ratio defines the mixing parameter between wind and solar power generation. Furthermore, we assume that intracountry transmission capacities are sufficient to allow for aggregation of load and generation on country level. Realistic time series for the wind and solar PV power generation, including consistent spatio-temporal correlations, have been obtained from a recently developed renewable energy atlas [22] . The atlas is based on weather data from high-resolution forecast models. The data extends over several years with hourly time resolution and has a spatial grid cell resolution of 0.3125 • × 0.3125 • (approximately 40 × 40 km 2 at European latitudes) covering all of Europe. The conversion from weather data to potential wind and solar PV power generation is done on a grid cell level and then aggregated to a country level. The load time series L n (t) have been taken from historical records with hourly resolution. For more details on the wind, solar, and load data, see [11, 12] .
Backup energy and power
Although equal on average, the renewable power generation of a fully renewable country will be larger than the load for roughly half of the time, and smaller for the other half. The country then might want to export (T n > 0) or import (T n < 0) power. This defines the residual mismatch n (t) normalized to the mean load L n :
If n (t) is negative, the country needs to balance B n (t) = − min ( n (t), 0) with own backup power plants, and if positive, the country needs to curtail C n (t) = max( n (t), 0). As mentioned above, dispatchable renewable generation, such as hydro power or biomass, is considered to be a part of backup power. We do not take into account any inertia of the backup system due to finite reaction times. Instead, we consider it to be ideally flexible. For a more detailed treatment of the backup system, distinguishing between a range of flexibility classes of a weather-driven backup power system, see [25, 26] .
Due to fluctuations in the renewable power generation, the load and the export power, the backup power B n (t) changes from 1 h to the next. When multiplied with the number of hours N hours = 8760 per year, the average backup power is equal to the annual backup energy E B n = B n N hours . We take the 99 % quantile Splitting the residual mismatch from Equation (3) into backup and curtailment leads to the energy conservation law of power supply matching power demand
which holds locally at every country. Based on the assumption of lossless transmission, a second conservation law holds globally for the networked countries:
Power transmission
In the DC approximation [27] for high-voltage systems, the AC power flows along the interconnectors between the countries are directly determined from the net exports:
Inversion of the first equation gives the voltage phase angles δ n at all nodes. Their differences determine the power flows f m→n along the links m→n between neighboring nodes (negative flows are used to denote flow in the direction n → m). To reduce the complexity of a full solution to the AC problem, the DC approximation assumes zero link resistances and no reactance dependence on link lengths. The elements of the susceptance matrix B nm = k b nk δ nm − b nm are therefore initially assumed to be unitary and equal to the Laplacian of the network graph; see [14] for more details.
To examine the validity of the distance-independent line susceptances, we calculated test cases. There, we assume non-unitary reactance values, using instead a typical value of 0.28 /km [28] . As a metric for the line distance, we use the distance between capitals of the countries in question. This leads to b nm = 0.28 · d nm where d nm is the line distance. Given that 0.28 is a linear factor, the actual number is irrelevant, and the only effect it brings is a preference for shorter paths over longer ones. In terms of total transmission capacities, this leads to a slight increase by about 9 %.
Since the exports T n (t) are functions of time, the power flows f l (t) will also fluctuate with time. The low and high quantiles q =
F(q)
−∞ p(f )df of the unconstrained flow distributions p(f ) represent a measure for the required interconnector strengths, which we set to
l of the pan-European transmission network is given by the sum over all links.
Export schemes
Next, four different export schemes are outlined. They include zero export, two localized trade schemes of only renewable excess power, and synchronized backup operation with additional export of backup power.
Zero export
The zero-export scheme is expressed by
and is illustrated in Fig. 1a . Each country then has to fully balance or curtail the mismatch between its renewable power generation and its load.
Localized export I
Rather than full curtailment, countries with surplus renewable power generation may want to export as much of it as possible to other countries with a current deficit:
Two steps need to be taken to assign exporters and importers. The first objective is to use as much excess renewable power as possible to reduce the overall backup energy. In case that the overall export strengths are larger than the overall import needs, this objective makes sure that all importers will be fully served, but there is still the freedom to select different subsets of exporters. This freedom is fixed by the second objective, where the transmission system operator requires the power flows on the network to be as localized as possible. Those nodes which are at the end left unable to export everything have to locally curtail. In case of larger overall import needs, all export opportunities will be used by the first objective, and the second objective fixes the subset of importers. Those nodes which are not able to import enough then have to locally balance for themselves. Compare again with Fig. 1b . Note also that from one time instance to the next, the role of exporters and importers can be reversed.
This export scheme has been employed in two previous publications [14, 20] . Given that generation from renewables has a lower marginal cost, it is not unrealistic that importers would be willing to import excess renewable power generation from other nodes. Excessive transmission capacities would increase the total system cost. A localization of exports-as forced by the square minimization of total flows-does result in smaller total transmission capacities, as shown in the results below.
Localized export II
The third export scheme uses the same constraints on exporters and importers as in (8) , but replaces the first objective by
This gives priority to importers with the largest relative deficit power, allowing reductions to the backup capacities. The second step is, again, identical to the one in (8) .
Compare with Fig. 1c .
Synchronized export
A very different export scheme forces all countries into a completely synchronized residual mismatch (3):
where due to (3) and (5) 
After exports and imports, every node is balancing (β < 0) or curtailing (β > 0) the same amount relative to its own average load as all the other nodes. This requires cooperation. For example in case of β < 0, nodes with excess renewable power generation not only export their excess to other countries but also balance power from their own backup capacities; see again Fig. 1d . In the zero export case, the backup capacities are determined by the countries' weather patterns and demand. For the localized export schemes, the position of the country in the network also affects its backup capacity. An immediate result of the synchronized export scheme is a uniform distribution of backup capacities, relative to the countries' mean load.
All export schemes can be stated as a quadratic optimization problem and were computed numerically using the python interface to the commercial solver Gurobi [29] .
Results and discussion
Residual mismatch distributions
The distribution p( n ) of the residual mismatch (3) depends strongly on the mixing parameter α n between wind and solar power generation, as previously discussed in [14] . Lowest backup energy needs can be obtained with α n ≈ 0.7 in single countries. This value of the mixing parameter is therefore used in the subsequent analysis. Although zero on average, the distributions are very broad, cf. Fig. 3 , showing the distribution of non-zero mismatches for the different export schemes.
The negative part of the mismatch distribution is of particular importance. Its average determines the average backup power, which is proportional to the annual backup energy. Its tail characterizes the most extreme backup Fig. 3 Residual mismatch distributions. Distributions of residual mismatches (3) for Germany with α GER = 0.7 resulting from the zero (red), the two localized (yellow, green) and the synchronized (blue) export schemes. For comparison, the negative load distribution (black) is also shown. Mismatches and load have been normalized to the average load L GER . The residual mismatch distributions resulting from the two localized export schemes are shown without their singular peak at GER = 0. Dashed vertical lines indicate the 99 % quantile of the negative mismatch power needs, which determine the required backup capacities. Figure 3 shows the dependence of the residual mismatch distribution on the three non-zero export schemes (8)- (10), where each country is allowed to import and export from all 30 European countries. For comparison, the load and the zero export schemes are shown as well. Contrary to the synchronized export scheme, the two localized schemes produce a lot of n = 0 events. The resulting singular peak has been removed from the plotted distributions to clarify the illustration. It can still be observed indirectly as the integrated area below those two normalized distributions is smaller than for the other two distributions resulting from the zero and the synchronized export scheme.
The total backup energy (or equivalently, the average backup power) is shifted to smaller values by transmission. In fact, as transmission line capacities are not constrained, all non-zero export schemes lead to the same total backup energy, equal to the backup needs of a European aggregation. This is because in the event of a Europe-wide deficit, all local excesses are exported to other countries in deficit and none are curtailed. Conversely, when there is Europe-wide excess, all local deficits are served before curtailment is activated. In the two localized schemes, this is achieved by the first objective of minimal backup energy needs. In the synchronized export scheme, it is a consequence of the Europe-wide aggregation of the mismatch, which is then distributed back to the single nodes as backup or curtailment, cf. (10) . When compared to the zero export scheme, the two localized export schemes are able to lower the frequency of negative residual mismatches, causing a decrease of the average backup power. The residual mismatch distribution resulting from the synchronized export scheme changes in a different way, also leading to a reduction of the average backup power.
Contrary to the two localized export schemes, the synchronized export scheme also lowers the negative tail of the residual mismatch distribution and therefore significantly reduces the required backup capacity. As a proxy to the backup capacity, the 99 % quantile of the negative mismatches is indicated as dashed vertical lines in Fig. 3 .
Backup energy and capacity
The two localized and the synchronized export schemes (8)- (10) have a different impact on the average backup power for the different countries. See the top panel of Fig. 4 , which shows the average imports max(−T n , 0) for all countries. For example, Germany, the first localized export scheme leads to a slightly larger reduction of the average backup power when compared to the second localized scheme. This is because the first scheme allows Germany to import more on average than the second scheme. The synchronized export scheme leads to a significantly larger average import. However, this does not lead to a further reduction of the average backup power because each country's exports increase in parallel.
For some countries other than Germany, the two localized export schemes (8)- (9) lead to a smaller average backup power than from the synchronized export scheme (10). This is explained by the observation that the sum n B n is identical for the three export schemes as discussed above. Consult also again Fig. 1b-d .
The lower panel of Fig. 4 shows the average net exports T n = − n for the different countries. The average net export is the difference between average export and average import. Except for a minus sign, it is equal to the mean of the residual mismatch (3). For the synchronized export scheme (10), the net exports are zero for all countries. However, this is not the case for the two localized export schemes (8) and (9) . For big countries like Germany, France, and Great Britain with α n = 0.7, it turns out to be of the order T n / L n ≈ −0.004. Those countries become net importers. The biggest relative net importers are the two Nordic countries Norway and Sweden with T n / L n ≈ −0.023. Spain and Italy are net exporters of the order T n / L n ≈ 0.014. With T n / L n ≈ 0.023, the strongest relative net exporters are the smaller countries in southeast Europe. Of course due to (5), the overall country sum over all net exports and net imports is again n T n = 0. The backup capacity K B n also shows a strong dependence on the mixing parameter. See Fig. 5 . For all four export schemes (7)- (10), it takes a minimum at α n = 0.85. Compared to the value 1.32 L n of the 99 % quantile of the German load, the backup capacity K B n = 1.04 L n at α n = 0.85 resulting from the zero export rule is not much smaller. Without transmission, a 100 % renewable country needs an enormous amount of backup capacity. The two localized and the synchronized export schemes have a bigger impact on the reduction of the backup capacities. For Germany with α = 0.85, the first localized export scheme leads to K B n = 0.89 L n , the second localized scheme to K B n = 0.82 L n , and the synchronized scheme 
For the other countries, the relative backup capacities resulting from the two localized export schemes are slightly different than the German values (see Fig. 6 ). The synchronized export scheme leads to identical relative backup capacities for all countries. This is no surprise since the synchronized export scheme (10) with (11) enforces a synchronized balancing between all countries.
Since Equation (11) describes the all-European mismatch, we arrive at a strong conclusion: the synchronized export scheme leads to the largest possible reduction in overall backup capacities. More precisely, synchronized export takes advantage of the strongest possible mismatch smoothing by aggregation across Europe. In the absence of single countries with exceptionally stable resources that would make such sharing unattractive (see Fig. 6 ) and without countries taking advantage of each other (in game-theoretic terms, as long as free-riding and altruistic behavior are excluded), there is no scheme in which the mismatch quantiles of single countries can be decreased more. In particular, no other export scheme is able to reduce the backup capacities (measured as quantiles of the mismatch) further. For mixes between 0.70 ≤ α n ≤ 0.95, the synchronized export scheme leads to backup capacities which are only half of the high load quantiles, the latter representing more or less the backup capacities of our current electricity system.
Transmission capacities
Reference [14] has shown that the unconstrained total interconnector capacities become relatively large. The same European country network as in Fig. 2 has been used with a mixing parameter around α n ≈ 0.71, and only the first localized export scheme has been discussed. For unitary impedance across the whole network, the total interconnector capacities turned out to be K T = 395 GW, which is about a factor 5.4 larger than the present European layout; see Table two in [14] . Figure 7 extends the previous findings to the full range 0 ≤ α n ≤ 1 of the mixing parameter, and to the second localized and the synchronized export schemes. The two localized export schemes produce very similar total interconnector capacities. The minimum capacities are reached at α n = 0.35. For the solar only α n = 0, the transmission capacities are larger because of the strong East-West power flows in the mornings and evenings, and because of the strong seasonal South-North flows. For the other extreme, the wind-only α n = 1, the transmission capacities become even larger. This is caused by strong power flows between decorrelated regions separated by distances larger than the observed correlation length of about 500 km for the wind power generation [15, 18] .
The synchronized export scheme leads to a minimum at a slightly larger α n = 0.42. Over the whole range 0 ≤ Fig. 6 European backup capacities. Backup capacities for all European countries resulting from four different export rules. The renewable mixing parameter α n = 0.7 has been used, and the backup capacities have been normalized to the average loads L n . For reference, the 99 % quantile of the load distributions is also shown α n ≤ 1, the total interconnector capacities required from the synchronized scheme are a factor of 1.35-1.70 larger than for the two localized schemes. For α n = 0.7, the synchronized scheme produces K T = 550 GW, whereas it is only K T = 400 GW for the localized schemes. This difference is easily explained by the extra exports of backup power caused by the synchronized scheme (see again Fig. 4) , which cause more power flows and result in higher required transmission capacities (see again Figs. 1b-d) .
Reproducing the results considering non-unitary, length-dependent impedances for all lines brings only small changes to the results. Quantitatively, total backup energy and capacity are unchanged, as the objective that minimizes them has priority over the actual flow minimization. Since longer paths are more penalized in this calculation, the total amount of capacity needed is higher, but only by around 9 %, regardless of the export scheme used. The dashed lines in Fig. 7 show the transmission capacities resulting from calculating flows with impedance.
Conclusions
Fully renewable networked power systems have been discussed, for which the average renewable power generation is equal to the average load. Such systems still require backup generation units to cover the occurring temporal deficits of fluctuating renewable power generation to match the load. The amount of backup capacity depends on the export schemes applied to the transmission network. Compared to no exports at all, the export of local renewable excess power, which we have dubbed as localized, leads to some reduction of the overall backup capacities. Significantly more reduction is achieved when also local backup power is allowed to be exported. For a fully renewable pan-European transmission grid, such a synchronized export scheme leads to backup capacities which are only half of the maximum loads.
In its present form, the synchronized export scheme is based on a completely synchronized residual mismatch across the network. No other export scheme is able to reduce the backup capacities further. However, it requires larger transmission capacities when compared to the localized export schemes. From an economic perspective, this is not necessarily a drawback, since costs for backup capacities are usually one order of magnitude bigger than transmission costs [3] . It will be interesting to explore other, partly synchronized export schemes, including market-like schemes, which might be able to reduce also the transmission capacities. Such an exploration could be based on the minimization of an overall cost objective, which includes not only backup and transmission capacities but also renewable power generation capacities. These findings will have an impact on the future strategies of policymakers and energy-related companies.
